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Abstract
Single wall carbon nanotubes’ (SWCNTs) unique structural and electronic
properties have made them an ideal candidate for use in electrochemical devices like
lithium ion batteries, PEM fuel cells, and supercapacitors. SWCNTs were investigated as
free-standing anodes, current collector supports, and conductive additives in lithium ion
batteries. Before incorporation into batteries, the effect of organic solvents on SWCNT
material properties and separation of SWCNTs by electronic type was studied to enable
Variations in purity, solvent
characterization and control of SWCNT properties.
processing, and electronic type of SWCNTs are shown to have a significant effect on
SWCNT characterization, optoelectronic properties, and performance in lithium ion
batteries as described further below.
Organic solvents from the alkyl amide and halogenated aromatic classes have
been analyzed as dispersion agents for high purity single wall carbon nanotubes
(SWCNTs). The resulting dispersions from two novel SWCNT solvents, N,N,N',N'Tetramethylmalonamide (TMMA) and 1-Chloronaphthalene (1-CLN), have been
compared to well-established solvents (i.e., N,N Dimethylacetamide (DMA) and 1,2
Dichlorobenzene (DCB)). The spectroscopic results for the halogenated aromatic solvents
are consistent with a sonopolymerization that results in a polymer wrapping of the
SWCNTs. In comparison, the alkyl amide solvents (DMA and TMMA) show similar
dispersion limits with no significant change in absorbance as a function of
ultrasonication. These solvents also have the additional benefit of being able to be
removed without damaging the SWCNT structure.
Density-gradient ultracentrifugation (DGU) has enabled separation of SWCNTs
by diameter, electronic type, and chirality. The DGU method uses surfactant coated
SWCNT material that rises or falls to the point in the gradient matching its density with
ultracentrifugation. SWCNTs produced through laser vaporization were separated by
electronic type and materials were characterized through optical absorption.
The effect of purity, organic solvent processing, and DGU electronic type
separation on lithium ion capacity of free-standing anodes was studied which showed
improved performance for SWCNT material with high purity and uniformity. The use of
a SWCNT paper as a current collector for a traditional anode coating was found to
improve energy density by reducing electrode mass while retaining high capacity. As a
conductive additive, SWCNTs formed an effective percolation network at extremely low
mass loadings in traditional cathode and anode coatings. The SWCNT additives were
shown to increase rate capability and usable capacity of the electrodes compared to
higher mass loadings of typical conductive carbon additives.
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CHAPTER 1 INTRODUCTION

A. Motivation
The search for more efficient and sustainable means for energy storage, conversion, and
transportation has lead to the incorporation of nanomaterials into various devices to utilize their
unique properties. The quantum confined nature of nanomaterials results in many desirable
capabilities that can often be tuned for the intended application. Single walled carbon nanotubes
(SWCNTs) have been at the forefront of nanomaterial research due to their intrinsic electrical,
mechanical, and thermal properties that make the material an ideal candidate for use in various
devices such as fuel cells, lithium ion batteries, and organic solar cells [1].
After being discovered fairly recently by Iijima in 1991, there has been a breadth of
research to understand the fundamental properties of SWCNTs and enable the ability to
manipulate the material for use in a variety of applications [2]. SWCNTs are formed under
precisely controlled synthesis parameters in which a carbon source is heated in the presence of
metal catalyst, in an inert environment, to nucleate the SWCNTs from the catalyst by forming a
eutectic between the carbon and metal catalyst from which the SWCNT can grow [3]. The
choice of metal catalyst, temperature, pressure, and inert flow gas can have a large effect on the
impurity content (metal catalyst, nanostructured carbon, and graphite) and the resulting
SWCNTs produced (diameter, length, and electronic type) [4]. Some of the most common
techniques are chemical vapor deposition (CVD), arc-discharge, and laser vaporization synthesis
which produce SWCNTs of varying morphology and purity [5]. Research efforts to modify the
synthesis conditions are directed towards minimizing the various amounts of synthesis byproducts (amorphous carbon, metal catalysts, fullerenes, etc.) while having the ability to tailor
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the chirality distributions in a manner conducive to large-scale production of high quality
SWCNTs [6]. Typically material directly from a reactor (raw SWCNTs) is only around 30% by
mass SWCNT material where the remaining mass is the impurities described previously.
Therefore, for most applications, purification of the raw material is needed in order to extract the
pure SWCNTs and take advantage of their unique quantum confined one dimensional properties.
In order to assess the purity and material properties of SWCNTs, characterization
techniques are essential to fully realize the potential of the material in use.

Ideally, any

processing and purification would not affect the SWCNTs optoelectronic properties, but most
chemical treatments will have some effect where characterization of resulting material is
extremely important. Due to the one dimension nature of the SWCNTs, they exhibit discrete
electronic transitions that can be studied using optical techniques. The most common SWCNT
optical characterization techniques include optical absorption, Raman spectroscopy, and
florescence.

Other non-optical characterization techniques can probe mechanical, thermal,

electrical and structural properties such as atomic force microscopy (AFM), dynamical
mechanical analysis, thermogravimetric analysis (TGA), B.E.T. surface area analysis, x-ray
diffraction (XRD), and four-point probe conductivity measurements. A combination of these
characterization techniques can aid in the purification process as well as determine the quality of
the resulting SWCNT material. The majority of these characterization techniques were learned
and applied in this work to understand the influence of materials optoelectronic properties in
energy applications. Extended introductions to optical absorption and Raman spectroscopy of
SWCNTs are provided based on the extensive use and development of these material
characterization techniques.
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Many of the characterization techniques listed above and processing of SWCNTs require
dispersion in a suitable solvent.

SWCNTs are notoriously difficult to disperse at high

concentrations because of the propensity of SWCNTs to bundle together with a high binding
energy formed by van der Waal’s forces which are enhanced by SWCNT’s large aspect ratio.
The choice of solvent not only controls the maximum dispersion concentration and stability, but
can also affect the optoelectronic properties of the SWCNTs both in solution and after removal.
Two prominent SWCNT organic solvents of varying molecular structure were systematically
studied alongside a novel solvent from each class to investigate the solvent’s dispersion
capabilities, interaction with SWCNTs in solution after solvent evaporation, and dispersion
mechanism based on molecular structure class.
The properties of SWCNTs characterized after a conventional synthesis and purification
technique will typically be dominated by the synthesis technique where a distribution of SWCNT
diameters and electronic types are present. The ability to isolate a more uniform SWCNT
sample is highly desirable to fully take advantage of SWCNT’s unique individual properties.
Recently, a method was developed that allows for separation of SWCNTs by diameter, electronic
type, and chirality. This phase-pure material may enable enhanced performance in a variety of
applications by taking advantage of the precise control of SWCNT morphology. This method
was replicated using in-house laser vaporization produced SWCNTs to separate and characterize
by diameter and electronic type.
Improvements to lithium ion battery energy density, cycle life, and power density are of
significant interest to enable energy and sustainability initiatives such as electric vehicles and
renewable energy storage. The use of nanomaterials has been at the forefront of this research to
enable faster electronic and ionic conduction, shorter lithium ion diffusion paths, and reduce
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crystalline expansion. SWCNTs can be incorporated into lithium ion batteries in a variety of
ways to take advantage of their high lithium capacity, conductivity, and light weight. SWCNTs
were investigated as a free-standing anode paper, conductive additive to traditional composites,
and current collector for traditional coatings. Additionally, the effect of SWCNT purification,
organic solvent processing, and type separation morphology on lithium ion storage in freestanding anode papers was studied.

B. Single Wall Carbon Nanotubes (SWCNTs)

(i) Structure and Properties
Single-walled carbon nanotubes (SWCNTs) can be envisioned as a rolled up sheet of
graphite that is one atom in thickness, 0.5-3 nm in diameter, and can be many microns in length.
They are well known for their superlative electronic, optical, mechanical, and thermal properties
as stated previously. These properties are highly dependent on their atomic structure which has a
direct correlation to their chirality. The chiral vector, shown below,
Ch = na1 + ma2 ≡ ( n, m )

describes the structure, diameter, and electrical properties of the nanotubes. SWCNTs are most
often expressed by the pair of indices (n,m) from which the diameter and metallic or semiconducting nature can be deduced. They are metallic if n − m = 3 q and semi-conducting if
n − m = 3 q ± 1 , where q is an integer [7]. As Figure 1a shows, the chiral vector makes an angle

θ, called the chiral angle, with a1, and the seamless cylinder joint is made by connecting AB' to
OB [8]. The conduction along a SWCNT is controlled by the π-orbital overlapping or twist of the
carbon atoms, shown in Figure 1b, which is determined by the roll-up vector shown in Figure 1a.
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a.

b.
Twist

Diameter

Figure 1. a. Unrolled honeycomb lattice of a nanotube b. View of chirality determined twist and
diameter from inside of SWCNT [8]
(ii) Laser Vaporization Synthesis and Standard Purification
The majority of SWCNT materials used in this paper were synthesized by laser
vaporization using a pulsed Alexandrite laser as described previously [9]. The reaction furnace
temperature, shown below in Figure 2, was maintained at 1150°C, with a chamber pressure of
760 torr under 200 sccm flowing Ar. The target was pressed at 2,500 psi and contained 94% w/w
graphite (1-2 µm), 3% w/w Ni (submicron), and 3% w/w Co (1-2 µm).

Figure 2. Diagram of laser vaporization synthesis reactor
The raw SWCNT soot was purified by nitric and hydrochloric acid reflux at 120°C for 12
hours. The reflux solution was filtered over a 1µm PTFE membrane filter with excess distilled
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H2O to form a SWCNT paper. The acid filtrate was discarded and subsequent washes (3x) with
acetone and distilled H2O removed functionalized carbon impurities until the filtrate was clear.
The acid reflux results in the dissolution and removal of the majority of the metal catalyst and
some of the amorphous carbon impurities. The “reflux” paper must be thermally oxidized to
remove the remaining amorphous carbon and the acid groups absorbed after paper formation.
The conventional purification process is illustrated below in Figure 3 with SEM images before
and after purification showing the removal of carbon impurities.

Figure 3. Diagram of conventional purification process involving acid reflux and thermal
oxidation.
The appropriate time and temperature conditions for purification were determined by
thermal oxidation profiling (TOP) [10]. Thermal oxidation profiling takes advantage of the
characterization technique thermogravimetric analysis (TGA) which records weight change as a
function of temperature.

The resulting data, showing in Figure 4, can be used to find

decomposition temperatures by taking the first derivative of the weight change. The amorphous
carbon content decomposes at a lower temperature (around 450°C) than the SWCNTs (around
600°C) allowing them to be thermally removed while retaining the majority of SWCNT content.
The remaining mass is typically related to metal catalyst content which a majority would be
removed during the acid-reflux process.
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Figure 4. TGA of raw SWCNTs (black) and 1st derivative weight change (blue)

(iii) Dispersion and Separations

SWCNT dispersions are formed by overcoming the SWCNT-SWCNT van der Waals
interaction that causes the SWCNT to bundle together.

Therefore, the solvent-SWCNT

interaction energy must be stronger than that of the SWCNT-SWCNT.

High dispersion limits

can be reached through functionalization of the SWCNT side-wall, but this process disrupts the
intrinsic properties and is typically irreversible.

A solvent that can be easily removed through

evaporation or chemical processing is preferred to retain the unique SWCNT properties for the
end application. The main unfunctionalized SWCNT dispersion techniques can be broken down
into the three categories of: organic solvents, surfactant encapsulation, and polymer wrapping.
Out of the three techniques, organic solvents typically provide the best combination of retention
of optoelectronic properties and ease of removal through evaporation. The main mechanisms by
which organic solvents disperse SWCNTs are by π-π or dipole-dipole interactions or a
combination of the two [11, 12]. Even with strong solvent-SWCNT interaction, ultrasonication
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of the SWCNTs in the solvent is necessary to overcome the initial binding energy of the
SWCNTs in bundles. A previous study had shown that a relatively high dispersion limit organic
solvent, dichlorobenzene, disrupted the SWCNT optoelectronic properties with excess sonication
due to sonopolymerization [13]. Therefore, the solvent used and processing conditions must be
carefully chosen and well understood for SWCNT characterization and applications in devices
required SWCNT suspensions.
Recently a method was developed at Northwestern University that allows separation of
SWCNTs to improve uniformity using a variety of as-produced materials through densitygradient ultracentrifugation [14]. This procedure uses subtle differences in buoyant densities of
surfactant coated SWCNTs in order to separate them by diameter, bandgap, and electronic type.
The SWCNT material can be purified by ultracentrifugation in the absence of a density gradient
which offers an alternative to traditional acid reflux purification which can shorten SWCNTs.
The difficulty arises when trying to remove the surfactant from the SWCNT surface.

The

surfactant preferentially coats the SWCNTs and the insoluble carbonaceous and metallic
impurities pellet to the bottom of the centrifuge tube with centrifugation.

The result is a

significant improvement in absorption in different types of SWCNTs after ultracentrifugation at
45,000 rpm for a half hour in 2% w/v sodium cholate in DI H2O.
The purified supernatant solution can then be placed in a density gradient of the same
surfactant concentration. The density gradient used was Optiprep (60% iodixonal in water)
which is diluted to at different concentrations to form the linear gradient.

During

ultracentrifugation the surfactant-coated SWCNT material rises or falls to the point in the
gradient matching its density (isopycnic point). By varying the surfactants, uniformity can be
accomplished based on diameter, chirality or electronic type. Only sodium cholate is used for
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diameter separations where mixtures of sodium cholate and sodium dodecyl sulfate (SDS) at
different ratios are applied to isolate SWCNTs by electronic type. Figure 5 below shows the
process and results of their methods.

Diameter Separation

Surfactant
Dispersion and

Phase Pure SWCNTs
Electronic Type Separation

Figure 5: Density gradient ultracentrifugation of SWCNTs to separate by diameter and
electronic type [14]

A shift towards smaller wavelength absorbance represents a decrease in diameter, and
differences in bandgaps can be seen from the variation in color of the solution. The electronic
separation shows how the absorbance changes when a sample is purely metallic or semiconducting. The peak around 950 nm is associated with semi-conducting SWCNTs while the
peak around 650nm is associated with metallic SWCNTs. The optical absorption spectra of the
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starting solution of SWCNTs, purified through surfactant encapsulation and ultracentrifugation,
is shown by the dotted grey line.

(iii) Characterization Techniques

a. Optical Absorption
Optical absorption of SWCNTs in solution is a widely used technique to assess their
purity, chirality distributions, and electronic transitions. Because of the one dimensional nature
of SWCNTs, strong light absorption peaks are caused by electronic transitions between the
valence and conduction bands based on SWCNTs van Hove singularities. A representation of
the density of states for SWCNTs and relation to optical absorption peaks for laser vaporization
produced SWCNTs are depicted below in Figure 6.

a.

b.

Figure 6. a. Density of electronic states diagram for SWCNTs b. Representative optical
absorption spectra of SWCNTs and the relation to electronic transitions.
The absorption peaks for each transition are a convoluted for varying chiralities with the
same electronic transition where the semi-conducting bandgaps vary with diameter.
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The

background absorption arises from the π-plasmon peak, and additional background can be related
to carbon impurities in the sample. Purity assessment has been developed previously for laser
vaporization produced SWCNT materials, dispersed in DMA, by comparing the ratio of
secondary semi-conducting and first metallic peaks as shown below in Figure 7 [9]. In the paper,
a constructed sample set was made by incorporating nanostructured carbon impurities at different
weight percentages to a “100% pure” SWCNT reference sample. The ratio of the peaks can then
be applied to a calibration curve shown in Figure 7b to determine the purity of the sample. This
method was used to assess the purity of the materials used in this study.

a.

b.

Figure 7. a. Optical absorption curves of constructed sample set mixing increasing percentages
of nanostructured carbon with high purity SWCNTs. b. Calibration curve to determine purity
from the ratio of the secondary semi-conducting to first metallic peak [9].

b. Raman Spectroscopy
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Raman spectroscopy has become the method of choice when investigating SWNTs due
its non-destructive nature and the ability to study diameter, metallic or semi-conducting
properties, and the concentration of defects [15]. The study of electronic resonances in the
Raman spectra gives a wealth of information about the electronic band structure of the material
[16]. The resonant Raman affect greatly enhances the cross section and gives highly resolved
spectrum that provides information about the phonon structure. The resonances are due to one
dimensional confinement of electronic and phonon states which gives rise to van Hove
singularities (vHs) in the density of states, and the corresponding joint density of states [17].
When the incident photon matches the energy between spikes (vHs) in the joint density of states,
the resonant effect can be seen.

Since diameter and chirality affects the nanotube atomic

structure, they also have an effect on the electronic states. Diameter dependence can be seen
directly for the first-order resonant modes while chiral angle dependence is seen more in the
second-order resonant modes.
Raman spectroscopy is based on the inelastic scattering of light (photons) by atoms or
molecules. In a typical Raman process, a photon of certain energy is absorbed and places an
excited electron in a virtual state. A phonon is emitted or absorbed placing the electron in a
higher or lower virtual state respectively. The electron then recombines and releases the Raman
shifted photon. A loss in photon energy is described as Stokes scattering while a gain in photon
energy is described as anti-Stokes scattering. If the electron would have recombined without any
loss in energy, this would be called Rayleigh scattering. Typically Rayleigh scattering has a
much larger cross-section than Raman scattering, but this is not the case when looking at
resonant Raman scattering. In resonant Raman scattering, the photon excites an electron to an
eigenstate, a phonon emission puts it into a virtual state, and then the electron recombines to the
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ground state from there. This is a first order one phonon resonant Raman scattering process. In a
second order resonant Raman scattering, two of the transitions involve excited eigenstates of the
system. Figure 8 shows the different types of Raman processes that can occur.

Figure 8. Schematic of a. a non-resonant process b. a single-resonance (Stokes) process, and c. a
higher-order resonance (Stokes) in Raman Scattering [16]

Phonons are quantized normal mode vibrations that have a direct affect on thermal,
transport, and mechanical properties in condensed matter systems. The electron-phonon coupling
in SWNTs is a key parameter in the electronic band structure [18]. The phonon structure of
SWNTs can be obtained from the two dimensional honeycomb lattice of graphite by folding of
the energy dispersion curves. Carbon nanotubes also exhibit unusual aspects in their phonon
dispersions such as four acoustic branches. In addition to longitudinal acoustic and transverse
acoustic modes, there are two acoustic twist modes for rigid rotation around the tube axis which
are important for heat transport and charge carrier scattering. Low lying optical modes at the
center of the Brillouin zone are also important for coupling electrons to the lattice. Direct
measurements of the phonon-electron coupling are still lacking, but through tight-binding models
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a strong chirality dependence is predicted. Unique aspects pertaining the phonon interaction for
certain modes will be discussed in the next sections.
Radial Breathing Mode (RBM)
The RBM mode is a unique first order one phonon process that is a direct measurement
of whether a sample contains SWNTs. It is represented by a bond-stretching out-of-plane
phonon mode, which all the carbon atoms move coherently in a radial direction, and whose
frequency ωRBM is about 100-500 cm-1. If the nanotube is approximated by a homogenous
cylinder, the frequency of the radial vibration is linear with the inverse tube diameter 1/d, where
ωRBM = (c1/d) + c2 with c2 becoming more of a fitting parameter [19]. The RBM mode can be
used to find the diameter of an isolated tube or the diameter distribution of bundles of tubes.
From the diameter, chiral indices (n,m) can be assigned that is assuming that c1 and c2 are known
for the chiral vector. Although the c1 and c2 values have been calculated by various methods,
there is no consensus for their exact values. Therefore, RBM measurements are not the only
values that need to be taken to assign SWNTs chirality accurately.
G-Band
The G-band mode is also considered a first-order one phonon emission process. It is
labeled with a G because of the relationship to 2-D graphite which also contains the mode around
1580 cm-1. The eigenvectors for the G-band modes have vibrations either along the nanotube
axis or perpendicular to it. The SWNT G-mode is slightly different and contains various peaks
between 1580 and 1600 cm-1. The most important feature associated with the G-band is the
resulting line shape. The upper and lower frequency features are both Lorentzian for semiconducting tubes, but for the metallic tubes both frequency modes have a Breit-Wigner-Fano
(BWF) line shape. This provides a direct method for distinguishing between semi-conducting
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and metallic tubes particularly for SWNTs less than 1.7 nm. Strong electron-phonon coupling
for the metallic SWNTs causes the broadening of the line-shape through coupling to continuum
states. Figure 9 below shows G-bands for highly order prolytic graphite, semi-conducting
SWNTs, and metallic SWNTs where the change in line shape can be seen.

Figure 9. G-bands of graphite, semiconducting SWNTs, and Metallic SWNTs [17]

D-Band and G'-Band
The D and G' Bands are both considered second-order resonant Raman processes. They
are observed in both semiconducting and metallic SWNTs with the D-band falling in the 1250 to
1450 cm-1 and the G'-Band ranging from 2500 to 2900 cm-1. The D-band is a disorder-induced
property and the G'-band is the secondary overtone. In second-order double resonance Raman
process for carbon materials the electron absorbs a photon at a k state, scatters to a k+q state,
scatters back to a k state, and emits a photon. The double resonance can be either one phonon
emission or two depending on if there is an elastic and inelastic scattering events (D-band) or
two inelastic scattering events.
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The G'-band occurs even when there is an absence of a D-band showing that it is an
intrinsic property of the SWNTs. The G'-band is most often much more intense than the D-band
due to the fact that it is symmetry allowed by momentum conservation where the D-band is a
breakdown of in-plane translational symmetry.
Diameter and Chirality Dependence
The RBM mode was already shown to have an inverse relationship to the diameter of the
SWNT. A relationship can also be found for the G-band which has more of a 1/d2 dependence.
The formula relating diameter to the G-band position is

where wG− are the vibrations along the circumferential direction, and wG+ are attributed to
vibrations along the direction of the nanotube axis.

The Kataura plot, shown in Figure 10

below, which is electronic transition energies versus diameter for either the RBM or G-band
modes.

Figure 10. Kataura plot showing electronic transitions vs. diameter. The superscripts s and m
stand for semi-conducting transitions and metallic transitions respectively while the subscript
numbers represent the order of the transition.[17]
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This plot can be used to determine which types of SWNTs are being probed at a certain
laser energy and SWNT diameter range. A diameter dependence has been shown for the D and
G' bands but no direct relationship has been established. SWNTs with the same diameter but
different chiral angle have been show to have significant affect in the D-band and the G'-band,
but only a slight affect on the RBM and G-band. This could be attributed to the fact that in order
for a second-order resonance affect to take place there needs to be considerable energy matching.
A slight change in the nanotube structure will affect the vHs in the density of states of a secondorder process much more than that of a first-order process.

C. Lithium Ion Batteries and SWCNT Incorporation

(i)

Overview
The unique high energy and power density capabilities of lithium-ion (Li-ion) batteries

have made them the preferred energy storage media for portable devices such as consumer
electronics and power tools. Recently, research and development to improve Li-ion batteries has
increased significantly which is partially due to the potential contribution to energy and
sustainability initiatives such as electric vehicles and renewable energy storage. The commercial
adoption of lithium ion batteries has been ongoing since their release by Sony in 1990 based
upon the higher energy density afforded to these systems compared to Ni-Cd or Ni-metal hydride
counterparts [20].
Conventional lithium ion batteries employ crystalline materials which have stable
electrochemical potentials to allow lithium ion intercalation within the interstitial layers or
spaces [21]. The predominant active electrode materials have been a lithiated metal oxide for the
cathode (positive electrode) and a graphitic carbon as the anode (negative electrode). The active
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materials are combined with a binder (e.g. polyvinylidene fluoride) – PVDF) and conductive
additives (e.g. carbon black, graphite, etc.) prior to being deposited onto metal foil current
collectors. The electrodes are electrically insulated in the battery through a polymer separator,
most often with a microporous polypropylene/polyethylene laminate, that allows for lithium ion
diffusion. Historically, the majority of commercial batteries have utilized LiCoO2 as the active
cathode material and either graphite or mesocarbon microbeads (MCMBs) as the active anode
material. The composite thicknesses can range from 75 to 200 m on thin (12-20 m) metal
foil current collectors for typical high energy density lithium ion batteries. It is important to note
that the composite thickness values are highly sensitive to the formulation, calendaring, and
intended application design towards high energy density (thicker active layer) or high power
density. The high power batteries being produced today typically rely on an active layer thinning
strategy to increase the charge-discharge rates. This strategy presents a severe reduction in the
total energy density in the battery because the relative mass of metal foil current collector
increases compared to the active material. Overall, the selection of active materials is extremely
important to performance, but processing variables (e.g. active material/binder/additive
concentration, deposition conditions, active layer thickness, etc.) are just as critical to achieving
state-of-the-art (SOA) electrodes.
A lithium ion battery operates by movement of lithium ions from the cathode to the anode
upon charge and the reversible process occurs during discharge, as shown by the schematic in
Figure 11. The lithiated metal oxides and graphitic carbons are layered materials with interstitial
spaces receptive to lithium ion intercalation. The active material is able to store the lithium due
to the simultaneous electron transport from the current collector to reduce the lithium ion at the
active material “host” site.
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Figure 11. Schematic illustrating the mechanism of operation for a lithium ion battery including
the movement of ions between electrodes (solid lines) and the electron transport through the
complete electrical circuit (dashed lines) during charge (blue) and discharge (red) states.

The intercalation process is aided by a necessary solid-electrolyte-interface (SEI) that forms
on the surface of each electrode which serves a critical role, namely to passivate the electrode
surface from further solvent reduction and as a selective layer to allow only lithium ions to
diffuse [22]. The lithium ions are present in an electrolyte comprising a lithium salt, most often
LiPF6, solvated by a mixed solution of alkyl carbonates (i.e. ethylene carbonate (EC), dimethyl
carbonate (DMC), etc.). The choice of electrolyte solvent is critical to forming a stable SEI due
to subtle decomposition of both salt and solvent species leading to critical components like LiF
and LiCO3 which form the SEI [22]. The electrolyte formulation and origin of SEI components
has been a major research area and is still an ongoing study for new lithium salts and solvents
with improved ionic conductivity or temperature ranges.[23, 24]
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(ii)

SWCNT Lithium Ion Battery Applications
Free-standing Anode

The concept of using a free-standing SWCNT “paper” as an electrode in electrochemical
applications comes from the ability to maintain bifunctionality as both the active material and
current collector [25]. The potential for high temperature applications is conceivable since no
binder is required to fabricate these electrodes, opening up the possibility for use in battery
applications in excess of 100 °C: a point where most conventional binders are unstable. The
free-standing electrodes also offer a lightweight, flexible geometry for thin film technologies or
new form factors. The lithium ion capacity for CNTs results from effective diffusion of lithium
ions into stable sites located on the nanotube surface and/or inside individual nanotubes through
endcap or sidewall openings. In addition, lithium ion intercalation can occur in the interstitial
sites of close-packed SWCNT bundles (the 2-dimensional triangular lattice arising from van der
Waals attractions between nanotube sidewalls) [26-28]. Overall, the theoretical calculations
suggest that reversible capacities exceeding a LiC2 stoichiometry (>1116 mAh/g) is attainable for
SWCNTs, which represents a dramatic improvement over conventional graphite limits of 372
mAh/g [29, 30].
The initial evaluation of the lithium ion capacity for free-standing SWCNT electrodes
observed the capacity for purified SWCNTs to generally be between 400-460 mAh/g[31-34].
Attempts to shorten and introduce sidewall defects in the SWCNTs have resulted in reported
capacity values approaching 1000 mAhr/g.[35-38] In all cases to date, there is a large first cycle
loss attributed to SEI formation at around 0.9 V (exact value dependent on electrolyte and
constant current) that leads to high irreversible capacity loss for SWCNTs. This effect has been
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attributed to the high mesoporous volume of SWCNTs which affects the extent of solvent
decomposition leading to the SEI formation [32].
The electrochemical testing of free-standing CNT electrodes has shown promise to date, but
a comparison with conventional MCMB data can put in context the CNT results with the stateof-the field. Figure 12 shows an overlay of the half-cell testing for the 2nd cycle of conventional
MCMBs, MWCNTs, and SWCNT electrodes.

Figure 12. Comparison of the galvanostatic (equivalent C/5) cycling of SWCNT (green curve)
and MWCNT (blue curve) paper electrodes with conventional MCMB composites vs. lithium
metal cycle 2 extraction. The MCMB data for the black curve is the active material whereas the
red curve is the effective capacity of the anode which factors in the inactive composite and
substrate components [39].

During the extraction phase, the MCMBs maintain a well-defined de-intercalation of lithium
at ~0.2V. The MWCNT electrode exhibits a similar feature for the initial part and then becomes
smoothly varying with higher potential at higher capacity. The extraction of lithium from the
SWCNT electrode is similar to amorphous carbonaceous materials, although there is a small
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feature reminiscent of staging in graphite at ~0.1 V which is attributed to lithium ion insertion
within the nanotube bundles [40].

The smoothly varying voltage curve in an amorphous

electrode suggests that multiple sites for lithium stability are present. Although the total lithium
ion capacity of high purity SWCNT electrodes is higher than the total capacity of MCMBs (i.e.
520 mAh/g vs. 330 mAh/g), the insertion/extraction voltage profiles are uniquely different. The
presence of lithium staging can significantly benefit the overall voltage profile in a full battery
when using conventional cathode materials. Thus, there exists a need to improve the crystallinity
of the CNT papers to exploit the low potential insertion/extraction profile.
The main advantage of CNT electrodes is their free-standing nature which means that the
electrode mass is the active mass. As a point of comparison, Figure 12 also displays the
effective MCMB anode capacity (red curve) as a function of half-cell voltage and shows the
reduction in usable capacity from conventional anode designs based upon composite electrodes
deposited on metal foils. Although the specific capacity of the MCMBs is inherently 330 mAh/g
(black curve in Figure 12), the effect of using 100 m thick anode composites on 20 m copper
foil (similar electrode conditions to Figure 2) reduces the effective capacity to 175 mAh/g.
These effects on usable capacity significantly shifts the point of parity with the MWCNT and
SWCNT electrodes, and will be a further consideration when evaluating full battery results in
regards to capacity and depth of discharge.
SWCNT Current Collector
As stated earlier, conventional lithium ion batteries employ composite electrodes
deposited on metal foils. In the case of the anode, the graphitic carbon is mixed with a binder and
conductive additive before deposition onto a copper foil. While attempts to thin the copper foil
prove useful in improving the overall usable capacity, there are obvious limitations. As shown in
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Figure 13, the effective electrode capacity significantly varies with the thickness of the anode
composite based on simple mass averaging considerations.

Figure 13. Theoretical electrode specific capacity as a function of active material thickness for
90% MCMB composite blends deposited on copper current collectors (thicknesses of 18 and 20
µm). The constant capacity for a free standing electrode is shown for the top arrow at 300
mAh/g.

Although the specific capacity of the graphitic carbon is typically 300 mAh/g, the effect
of using a composite anode can reduce the effective capacity by the relative ratio of binder and
conductive additive weight fractions. In general, deposition of a graphitic composition onto
copper foil can reduce the effective capacity by 50% for 100 µm thick composites and >80% for
25 µm thick composites. This is an important consideration as the high power batteries being
produced today rely on this “active layer thinning” strategy to increase the charge-discharge
rates, but at a severe cost to the total energy density in the battery. Removal of the heavy
inactive copper current collector with a light-weight CNT current collector in the anode
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represents a significant impact on improving the battery energy density. In addition, elimination
of the copper substrate has additional benefits including an increased depth of discharge and the
ability to maintain a near-zero volt state of charge since prolonged cycling below 2.5V leads to
oxidation of the copper substrate[41].
SWCNT Conductive Additive
Conductive additives are necessary for cathode composites because of the low electronic
conductivity of the cathode oxide materials, but are often incorporated into graphitic anodes as
well. Additives form an electrical percolation network (the concentration in a composite that
sustains long range connectivity or contiguous pathways for electrons to move) which improves
contact between redox-active cathode particles and the current collector foil. Typical additives
are carbon black or graphite powders with weight loadings usually below 10% in order to
balance sufficient electrode conductivity and active mass loading.

Electrical conduction is

particularly important for retention of capacity at high current rates, but ionic conductivity must
also be optimized through control of electrolyte uptake and retention. Lower conductive additive
weight loadings can be utilized as additive conductivity increases if the additive morphology
allows for uniform contact to cathode particles and mechanical stability of the composite.
Results from the literature support this idea based upon efforts to incorporate CNTs with both
positive and negative electrode materials. To date, MWCNTs have been the additive of choice
with LiCoO2, LiFePO4, and LiNi0.7Co0.3O2 cathodes; showing ~10% improvement in the
reversible capacity of the electrodes compared to carbon black counterparts [42, 43]. In terms of
anode improvement, recent work investigating the enhancement in capacity using MWCNTs
with nanobrookite TiO2 has shown a three-fold improvement over comparable composites using
carbon black.[44]
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SWCNTs have yet to be studied extensively as a conductive additive in Li-ion battery
composites. This may be due to the difficulty in dispersing high concentrations of SWCNTs in
organic solvents, but the morphology and extremely high conductivity allows for a much lower
weight loading than typical carbon additives. The lower weight loading immediately increases
electrode capacity equivalent to the relative increase in active material substitution for the
conventional additive constituent.

Also, due to the nature of π-orbital overlap in metallic

SWCNT chiralities, the electron conduction can occur via ballistic transport (i.e. electrons can
transfer with mean free paths on the order of microns along the length of the nanotube unless
scattered by a defect). This type of property has the potential for increased C-rate performance
when used as an additive, particularly in conjunction with the poor transport inherent to cathode
materials. A recent study found that 0.5% SWCNTs can effectively replace 10% carbon black in
LiCoO2 demonstrating nearly equivalent electrode conductivity, cell impedance, and rate
capability [45].
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CHAPTER 2 ORGANIC SOLVENTS FOR SWCNTS

A. Summary and Supplementary Information of Appendix A: “Variation of single wall
carbon nanotube dispersion properties with alkyl amide and halogenated aromatic
solvents” Materials Chemistry and Physics 116 (2009) 235–241

In this article, solvents from the alkyl amide and halogenated aromatic organic solvent
classes were compared for the dispersion of single wall carbon nanotubes (SWCNTs). A new
and

novel

SWCNT solvent

has

been

studied

from

each

class

(i.e.,

N,N,N',N'-

Tetramethylmalonamide (TMMA) and 1-Chloronaphthalene (1-CLN)) alongside wellestablished solvents (i.e., N,N Dimethylacetamide (DMA) and 1,2 Dichlorobenzene (DCB)). The
molecular structure of the solvents investigated are shown in Figure 14 below.

a.

b.

c.

d.

Figure 14. Molecular structures of alkyl amide solvents a. DMA b. TMMA and halogenated
aromatic solvents c. DCB and d. 1-CLN

The novel solvents demonstrated dispersion limits equivalent to or better than the
previously studied solvents which were found through serial dilutions of a stock solution at a
concentration above the dispersion limit of the solvents. The dispersion limits were measured to
be less than 12.5 µg/mL for all but DMA which had a slightly lower dispersion limit of less than
6.25 ug/mL. DMA was also shown to have the lowest solution stability of around one hour
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where DCB and TMMA solutions were stable for over 8 hours. However, DMA was measured
to have the highest extinction coefficient at the secondary semi-conducting peak around 1.27 eV.
The molar extinction coefficient or molar absorbtivity is a measure of how strongly a chemical
species absorbs light at a given wavelength.

Therefore, DMA is an ideal solvent for

characterization of SWCNTs due to the retention of SWCNTs optical properties that allows for a
high light absorption which is related to energy transitions of the SWCNTs. The dispersion
limits and extinction coefficients were found using Beer’s law analysis where absorbance was
plotted versus concentration. The deviation from linearity determined the dispersion limit for
each solvent, and the slope of the linear portion determines the extinction coefficient.
However, the solvents effect on the optoelectronic properties of the SWCNTs varies
greatly between classes. The halogenated aromatic solvents (DCB and 1-CLN) were found to
alter the SWCNTs properties both in solution and after evaporation of the solvent under typical
ultrasonication times. The data from optical absorption and Raman spectroscopy is consistent
with the formation of a sonopolymer in DCB and 1-CLN and subsequent interaction with the
SWCNTs. The alkyl amide solvents (DMA and TMMA) were found to have little negative
effect on the SWCNT optoelectronic properties, and no change in spectra measured after
additional sonication. The optical absorption data collected at different sonication times for
SWCNTs in the halogenated aromatic solvents shows an increased background and a decreased
in peak structure. Purity assessment of this material through ratios of optical absorption peaks
using halogenated aromatic solvents becomes difficult as the ratios are sonication time
dependent.
The Raman spectra on the dried material, after drop casting onto a glass slide, further
elucidates the formation of a sonopolymer with sonication of the halogenated solvents which
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adheres to the surface of the SWCNTs. The radial breathing mode exhibits a reduction in
intensity associated with larger diameter SWCNTs for the halogenated aromatic samples. An
increase in the D-band is measured as well for the halogenated aromatic samples, which is
representative of elastic scattering from the presence of foreign species or defects on the sidewall
of the SWCNTs. The G-band of the halogenated aromatic samples have a decreased G- portion
of the G-band which has been previously recorded for polymer wrapped SWCNTs because of
suppression of the in-plane atom vibration along the width of the SWCNT. The G-band is
shifted significantly for the halogenated aromatic samples compared to the starting SWCNT
material which is indicative of chemical doping of the SWCNTs. The G-band is a two-phonon
scattering process which is extremely sensitive to changes in the density of states of the
resonantly enhanced Raman for SWCNTs.
Qualitative analysis using atomic force microscopy (AFM) of the SWCNTs drop cast
after sonication in the solvents and images of the pure solvents before and after sonication
provides further evidence for formation of a foreign species after sonication of the halogenated
aromatic solvents. The images can be found in appendix A. The AFM images of the alkyl
amide samples show the high aspect ratio SWCNTs with minimal impurities. The AFM images
of the SWCNTs after sonication in the halogenated aromatic solvents are coated with a foreign
species where the SWCNTs appear to be shortened because of the significant coating. Images
were captured before and after sonication of DCB and 1-CLN without the presence of SWCNTs
to investigate whether the sonopolymer formation was based purely on the solvent
decomposition or a result of interaction with the SWCNTS. After sonication and rest time, the
solvents after sonication became darkly colored and black impurities became present which
indicates the sonopolymerization is purely solvent based. The increased optical absorption
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background was found for the pure halogenated solvents after additional sonication as well
which is shown in Figure 15 below where 1-CLN has a much larger increase in background
absorption indicating a quicker breakdown of the solvent.

B.

A.

Figure 15. Optical absorption data of pure A. DCB and B. 1-CLN after sonication for a. 0
minutes b. 5 minutes c. 10 minutes d. 15 minutes e. 20 minutes f. 25 minutes g. 30 minutes

An increased dispersion limit and stability was measured for TMMA compared to DMA
where TMMA represents a novel alkyl amide solvent. It is proposed that the alkyl amide
dispersion properties are based upon a dipolar resonance structure from the lone pair electrons on
the amide nitrogen which can promote an induced dipole upon π-orbital interaction with the
SWCNTs. TMMA has a larger contribution from dipolar resonance structures, shown in Figure
16, suggesting this mechanism is consistent with the enhanced dispersion stability.
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Figure 16. Dipolar resonance structures of DMA and TMMA

Since many applications and characterization techniques require solution phase
dispersions, it is important to understand how solvents will affect SWCNT material. The work is
anticipated to impact selection of organic solvents by researchers for characterization and
manipulation of SWCNT dispersions. The use of DCB and 1-CLN may be advantageous in
applications where SWCNTs are being used primarily for their mechanical properties such as a
polymer composite. For characterization of SWCNTs and retention of their optoelectronic
properties, alkyl amide solvents are the preferred solvents.
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CHAPTER 3 SEPARATION OF SWCNTS
A. Surfactant Purification Using Ultracentrifugation
The starting material used for separation of SWCNTs by density gradient
ultracentrifugation (DGU) was produced through laser vaporization as described earlier. The
raw SWCNT material was taken directly from the reactor (no acid reflux or thermal oxidation)
and suspended in a solution of 2% w/v surfactant (sodium cholate (SC) or a mixture of sodium
cholate and sodium dodecyl sulfate (SDS)) in water.

The SWCNT concentration in the

surfactant solution was 1 mg/mL. This solution was then horn sonicated for 1 hour with the
solution container in an ice bath to prevent localized heating. The SWCNT dispersion was then
subject to ultracentrifugation at 45,000 rpm for 30 minutes using a SW-55 swinging bucket rotor
which could hold six 5 mL centrifuge tubes. After centrifugation, the supernatant solution was
collected from each centrifuge tube using a pipette, and the solid material that pellet to the
bottom was discarded. Since the surfactants preferentially coat SWCNTs, individually surfactant
wrapped SWCNTs are retained in the supernatant solution while the amorphous carbon, metallic
catalysts, and some still bundled SWCNTs pellet to the bottom. This represents an alternative
purification method than the standard acid reflux and thermal oxidation as long as the surfactant
can be removed by post processing. A wide-variety of raw SWCNT materials of different
distributions and production methods were successfully purified using this method as shown in
Figure 17 which shows the wide applicability of the process.

The optical absorption peaks

become much stronger for each sample, and the background is decreased which indicate a higher
purity sample. This purification method produced laser vaporization produced material at the
same purity level of that purified by standard methods.
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Figure 17. Purification using surfactant dispersion and centrifugation of SWCNTs produced
through a variety of synthesis methods.
B. DGU Separation by Diameter and Electronic Type
The method for separating single-wall carbon nanotubes (SWCNTs) by density gradient
ultracentrifugation (DGU) involves forming a linear density gradient, placing a SWCNTsurfactant solution in the gradient, and ultracentrifugation until the surfactant coated SWCNT
material moves to the area of the same density (isopycnic point) in the linear gradient. The
gradient density range and surfactant used varies depending on the type of separation desired and
starting SWCNT material. The previous work used only SC as the surfactant and a gradient
concentration range of 10-25% iodixonal in water (diluted from Optiprep solution which is 60%
iodixonal in water) to separate commercially purchased laser vaporization produced SWCNTs.
For electronic type separation of this material, the previous work used a 1:4 ratio of SDS:SC for
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semi-conducting separations and a 3:2 ratio of SDS:SC with a gradient concentration range of
15-30%.
The diameter and electronic type separations were replicated for our lab produced
SWCNT through laser vaporization. Process variables were optimized to enable separation of
this material including: centrifuge time, gradient densities, gradient volume, surfactants ratios,
and placement of SWCNT-surfactant solution into the gradient. Before ultracentrifugation, the
centrifuge tube contents consisted of a 0.2 mL buffer layer (dense solution of 60% iodixonal in
water) on the bottom of the tube, and then 4.7 mL of the linear gradient of varying iodixonal
concentration from most dense up to the least with SWCNTs incorporated in the gradient All of
the contents had the same surfactant concentration of 2% w/v. The linear gradient was formed
by mixing five 0.94 mL solutions across the gradient concentration range at equally
concentration integrals. Each layer was mixed from two solutions, surfactant dissolved in water
and surfactant dissolved in 60% iodixional in water at the same 2% w/v concentration. The
solutions were then mixed to obtain the desired iodixonal in water concentration. The SWCNTs
were incorporated into one of the layers by using the purified SWCNT-surfactant solution,
described in the previous section, to dilute the concentrated iodixonal solution instead of the
surfactant and water only solution. The five solutions were layered on top of the buffer layer in
the centrifuge tube one by one starting with the highest iodixonal concentration or most dense.
The layering had to be done slowly to not induce mixed with the previous layer. Once all of the
layering was done, each tube was capped using parafilm and gently layed on its side for one
hour. Placing the tubes on their sides lowered diffusion time to form a linear gradient by
shortening the diffusion distance and increasing surface area.
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The run-time and speed of ultracentrifugation had to be adjusted based on the available
rotor. The rotor used in the previous study had 12 mL centrifuge tubes and separations were
performed for 12 hours at 41,000 rpm. The rotor used in this study had only 5 mL centrifuge
tubes and much shorter radius. In order to adjust for this rotor, k-factors were used to convert
run-times. The equation below shows the k factor calculation in which the ratio of the maximum
to the minimum radius is used along with centrifuge speed to determine the k factor.

The maximum k factor can be found by using the highest speed possible for a particular
rotor. The run time conversion between rotors can be calculated by taking the ratio of time and k
factors. The run time needed for rotor B will be found by establishing a run speed and finding
the run time from the formula below with typical run times being 12 hours at a faster revolution
speed of 45,000 rpm.

tA/kA = tB/kB
The initial attempt was to separate our laser vaporization produced SWCNTs using DGU
by diameter. The diameter separation procedure used in the previous work was followed directly
using sodium cholate as the only surfactant with only the adjustment to the rotor speed.
However, since we did not have a fractionator to precisely extract separated layers, the initial
fractions were drawn from the top of the tube with a pipette. The fractions were slightly diluted
with surfactant and water solution before optical absorption spectra were taken using a UV-Vis
spectrometer. A photograph of one of the initial diameter separations is shown below in Figure
18 along with resulting optical absorption spectra from different tube layers. A shift of the
secondary semi-conducting peak from 1.284 to 1.315 eV can be observed which is indicative of
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an isolation of smaller diameter SWCNTs at the top of the gradient. These diameter separations
were not as distinct as the ones shown in previous work which could be from improper
fractionization or the need for further optimization of the conditions for this material and rotor.

Figure 18. Optical absorption spectral overlay and photograph of the ultracentrifuge tube for a
density gradient diameter separation.

Most of the effort in separating our material was focused on separation by electronic type
(isolation of either metallic or semi-conducting SWCNTs).

Different ratios of surfactants,

changes to gradient size and density range, placement of the SWCNTs in the gradient, and
fraction methods were all modified to produce higher quality electronic type separations and
analysis. The best semiconducting and metallic separations are shown in Figure 19 where
distinct green, red, yellow, and blue banding can be observed for the semiconducting separation
image and a uniform blue gradient can be observed from the metallic separation indicative to
isolation of SWCNT materials with similar optical and electronic transitions.
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The optical absorption for the best semi-conducting separation fraction shows an extreme
suppression of the absorption peak due to metallic SWCNTs (ME11), which is highlighted in blue,
resulting from the isolation of semi-conducting SWCNTs. For this separation, the ratio of the
surfactants was the same as used previously (1:4 SDS:SC), but the gradient was extended to the
entire tube and the SWCNTs were incorporated into the middle of the gradient. In both cases,
the fractions were taken using the “drip” method in which a hole is made near the bottom of the
centrifuge tube, just above the dense stop layer, and drops of the gradient are collected.
The optical absorption for the best metallic separation fraction still has some absorption
from the second and third semi-conducting SWCNTs (shown in tan and grey), but there is still
suppression owing to the isolation of metallic SWCNTs. Metallic SWCNTs are proposed to be
more difficult to isolate because there are only approximately 1/3 of the starting material
SWCNTs. The surfactant ratio used for this separation was adjusted from 3:2 to 3:1 SDS:SC,
and the other changes were in line with the semi-conducting separation.
The DGU process only produces micrograms of separated material, especially with the
reduction in rotor size, which allowed for only spectroscopic samples to be obtained and
characterized through optical absorption. Nonetheless, the process was able to be replicated with
a different SWCNT material, manual formation of gradients, manual fractioning of layers, and a
different size rotor which is typically only used for rate zonal type separations not isopycnic.
However, a company called Nanointegris was started by the pioneers of the DGU process, and
electronic type separated materials were able to be purchased and used as a free-standing anode
in the following section.
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Metallic Separation
Figure 19. Optical absorption spectral overlay and photograph of the ultracentrifuge tube for a
density gradient separation for an a. semiconducting enriched fraction and b. metallic enriched
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CHAPTER 4 SWCNTS IN LITHIUM ION BATTERIES
A. Free-standing SWCNT Anodes
Purity and Post-Mortem Analysis
SWCNTs produced and purified as previously described were tested in lithium ion halfcells as free-standing anodes. In the following sections, the effect of organic solvent processing
and electronic type separation on SWCNT performance as an anode material is investigated as
well. In all cases, the half cell testing was done versus lithium metal in a 2032 coin-cell
configuration from 3-0.005V. The typical electrolyte was 1M LiPF6 EC:PC:DEC at a ratio of
1:1:2, and the charge-discharge rate was a c/5 (charge or discharge in 5 hours assuming graphite
theoretical capacity of 372 mAh/g which is a constant current of 74 mA/g.
The effect of purity was investigated by testing raw SWCNT material from the reactor,
typically around 30% w/w SWCNTs versus purified SWCNTs using traditional acid reflux and
thermal oxidation purification. SEM images and optical absorption spectra compared raw and
purified SWCNTs are shown in Figure 20 were the impurities can be visually seen in the SEM
and the affect on the optoelectronic properties can be observed in the absorption spectra.

a.

b.

Figure 20. a. SEM images of raw and purified SWCNTs b. Optical absorption spectra of raw
(black) and purified SWCNTs (blue)
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The half-cell performance of the raw and purified SWCNTs are plotted in Figure 21a
with the electrolyte initially using DMC in place of DEC, and a faster charge-discharge rate of
186 mA/g or a C/2. The lithium ion deinsertion or extraction capacity, the amount of reversible
lithium ion capacity, is nearly 400 mAh/g, which is in line with the theoretical graphite capacity,
but the raw SWCNTs have little to no reversible capacity at around 50 mAh/g.

The

characteristic large first cycle lithium insertion and first cycle loss for purified SWCNTs is
shown with a large plateau around 0.9 V which is caused by solid-electrolyte-interface(SEI)
growth caused by the high SWCNT surface area and paper porosity. An improvement in
capacity to nearly 600 mAh/g is shown in Figure 21b using a slower charge-discharge rate and
replacing DMC with DEC which is a one of the highest capacities for unmodified pure SWCNT
free-standing anodes.

a.

b.

Figure 21. a. 1st cycle Li+ insertion (black) and extraction (blue) voltage profiles for raw (solid
lines) and purified (dotted lines) SWCNTs at 186 mA/g or C/2 rate using electrolyte 1M LiPF6
EC-PC-DMC. b. 1st cycle Li+ insertion (black) and extraction (blue) voltage profiles for purified
(dotted lines) SWCNTs at 74 mA/g or C/5 rate using electrolyte 1M LiPF6 EC-PC-DEC
demonstrating most up to date SWCNT capacity.
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A post-mortem analysis of a lithiated SWCNT paper removed from a half-cell after
cycling was performed to better understand lithium storage and the effect on SWCNT
morphology. Raman spectroscopy before and after half-cell testing, using a argon laser at an
energy of 1.96 eV, shows an increased in the D-band and a shift in the G'-band for the lithiated
SWCNTs, Figure 22a. The D-band increased is indicative of possible introduction of defects to
SWCNT surface or doping from lithium ion insertion and extraction or SEI coating. The G'band is extremely sensitive to doping effects that could have arisen as previously mentioned.

a.

b.

Figure 22. Post-mortem analysis comparing purified SWCNTs (blue) and SWCNTs after
lithiation (red) in a half-cell using a. Raman spectroscopy and b. x-ray diffraction which also
contains a diagram showing the 2-d triangular lattice formed by SWCNT bundles.

High resolution XRD was performed on the samples using a Bruker AXS D8 Discover
powder diffractometer equipped with a Vantec 2000 2-D detector. A Cu Kα x-ray beam
(1.518Å) was incident upon the samples at a fixed omega angle of 3°. X-ray diffraction from
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SWCNTs arises from a 2-d triangular lattice formed by SWCNTs in bundles. The inset diagram
in Figure 22b is a representative end on view of a SWCNT bundle where the major SWCNT
peak, at a 2θ angle of 6°, is from diffraction through the center of the SWCNTs with hk Miller
indices of (10). The lattice parameter of 17 Å can be found using Bragg’s equation and the
plane-space equation for a 2-d triangular lattice. The spacing between SWCNTs in a bundle is
3.4 Å, the same as graphite, and the most common SWCNT in this distribution has a diameter of
13.6 Å resulting in the 17 Å lattice parameter. After the SWCNTs are lithiated, the main
bundling peaks disappear most likely due to the insertion and extraction of lithium ions which
causes the interstitial SWCNT bundle spacing to expand below a measureable 2θ angle.
The 1st cycle loss and voltage profile are still major issues for use of SWCNTs as a freestanding anode, but with the elimination of heavy metal current collector and capacity double
that of traditional anode materials; SWCNTs free-standing anodes could be a viable option.
Raman Spectroscopy and XRD indicate that SWCNT structure is retained with cycling and
lithium ions are being stored within interstitial spacing of SWCNT bundles.
Organic Solvent Processing
The effect of organic solvent processing and manufacturing of free-standing anodes was
investigated to understand the influence of solvent doping, bundling during paper formation, and
possible solvent contamination.

Often, SWCNTs come in powder form or need to be re-

dispersed and filtered in order to form a new SWCNT paper. Organic solvents are thought to be
a viable option for this process as they are more easily filtered and evaporated for removal than
SWCNTs dispersed in surfactants or polymers.
A solvent from each class, DMA and DCB, of the organic solvent study was investigated
to see if the solvent differences and effect on SWCNT optoelectronic properties resulted in a

49

change in performance in an actual device. Initially, a high concentration of purified SWCNTs
in each solvent of 5 mg/mL was used to form the free-standing anode paper by sonicating for 30
minutes, vacuum filtering over a 1µm PTFE filter paper, and removing the SWCNT paper from
the filter paper after drying. This concentration was initially chosen because of the ability to
form visually uniform SWCNTs papers without having to use an extreme amount of solvent.
After removal from the filter paper, the SWCNT paper was dried at 200 °C which is well above
the flash and boiling point of both solvents. The papers were then placed into half-cells using the
same conditions as the SWCNT tested in Figure 21b to compare to a paper formed directly from
the purification process.
The black lithium ion voltage extraction profiles are similar for both the DMA and DCB
processed papers in Figure 23A and B respectively. The lithium ion capacities are reduced from
around 600 mAh/g measured for a purified paper in the previous section to around 450 mAh/g.
The hypothesis before this test was that DMA would show a similar capacity to the purified
sample and the DCB would have a reduced capacity due to the formation of a sonopolyer with
sonication based on the previous study. However, with the concentration of the SWCNTs being
so high, the sonopolymer may not have been in significant enough quantities to have a large
effect. The reduction in capacity for both solvents was then thought to be either from residual
solvent doping that wasn’t removed with the solvent doping or a de-bundling of SWCNTs that
affected the interstitial channel storage lithium ions.
A new SWCNT paper was then filtered from each solvent at a much lower SWCNT
concentration closer to the dispersion limits of the solvents at 0.100 mg/mL or 100 µg/mL. The
papers were processed in the same manner as described in the previous paragraph, and tested in
half-cells. The resulting extraction profiles are shown in Figure 23 in blue with the DMA
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processed paper obtaining the typical SWCNT capacity of approximately 600 mAh/g. This
would indicate that de-bundling of SWCNTs before formation of the paper helps performance of
a free-standing anode, and more uniform or crystalline paper. This may be due to individual
SWCNT re-bundling more uniformly, akin to a solvent annealing, than a solution where there is
a mixture of large and small bundles and individualized SWCNTs.
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Figure 23. a. 1st cycle Li+ extraction capacity for purified SWCNT papers formed by filtering
and drying at 200°C after 30 minutes of sonication in DMA at SWCNT/solvent concentrations of
5 mg/mL (black) and 0.100 mg/mL (blue). b. 1st cycle Li+ extraction capacity for purified
SWCNT papers formed by filtering and drying at 200°C after 30 minutes of sonication in DCB
at SWCNT/solvent concentrations of 5 mg/mL (black), 0.100 mg/mL (blue), and 0.100 mg/mL
with thermal oxidation at 10°C/min up to 450°C (red).

The lithium ion capacity for the DCB processed SWCNTs was only slightly higher than
the previous DCB paper which is most likely due to the wrapping of SWCNTs with the
sonopolymer with the presence of more solvent. TGA analysis was performed on the DCB
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material and showed a large decrease in mass before 450°C before the typical SWCNT
decomposition around 600 °C. The DCB paper formed from the lower concentration solution
was then thermally oxidized at 10°C/min up to 450°C to see if the sonopolymer could be
removed. After thermal oxidation, the DCB processed SWCNT paper had a capacity of 600
mAh/g indicating a removal of the sonopolymer formed. These results show that processing of
SWCNTs can have a significant effect on device performance in a lithium ion battery. The data
indicates that de-bundling of SWCNTs before paper formation obtains the same capacity as
unprocessed paper with DMA being able to be evaporated at typical temperatures. Additional
processing is needed for a paper processed in DCB to remove the sonopolymer formed, but a
simple thermal oxidation can restore the paper’s capacity.
NanoIntegris Electronic Separations
SWCNT papers were purchased from the company NanoIntegris and the effect of
SWCNT electronic type and morphology on lithium ion capacity as a free-standing anode was
studied. The SWCNT material used by NanoIntegris is produced by arc-discharge which have
similar electronic transitions to laser vaporization material but at a slightly larger diameter
distribution.

The three SWCNT papers tested were unsorted SWCNTs purified through

surfactant encapsulation and ultracentrifugation, metallic separated (98%), and semi-conducting
(99%) separated both through DGU. The papers were processed by NanoIntegris who used a
series of methanol, acetone, and centrifugation steps to try and remove the surfactant. A small
portion of each paper were re-suspended in 1% sodium cholate in water to obtain the optical
absorption spectra seen in Figure 24 which shows the high degree of separation.

52

Figure 24. Optical absorption spectra of un-separated (black), metallic separated (blue), and
semi-conducting separated (red) SWCNTs from NanoIntegris

The papers were then tested in half-cells to see if a difference existed in lithium ion
interaction or storage between electronic types. It must be noted that these papers were tested in
coin cells with titanium deposited inside the cell as SWCNT contact as opposed to the
previous studies which were contacted to stainless steel. Titanium contacts were used
based on a very recent co-authored publication out of our group showing improved
capacity and rate capability based on improved electrical contact and alignment with the
titanium work function [46].

As a point of comparison, our purified SWCNT material

produced from laser vaporization reaches a capacity of 1050 mAh/g using a titanium contact.
The initial capacity results for the Nanointegris material showed a much lower capacity
than standard purified SWCNT material with a titanium contact. However, an improvement was
found between this material with the semi-conducting SWCNTs having the largest capacity, but
also a much higher first cycle loss as seen in Figure 25a. The metallic SWCNTs had similar
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insertion capacities to the starting SWCNT material but a higher extraction capacity of around
100 mAh/g.
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Figure 25. a. 1st cycle voltage lithium ion insertion-extraction profiles for as-received SWCNT
papers from Nanointegris b. 1st cycle voltage lithium ion extraction profiles for SWCNT papers
from Nanointegris thermally oxidized at 10°C/min to 450° C. All tests were performed using
titanium contacts.

The reduction in capacity was thought to be caused by residual surfactant for all the
samples or iodixonal (density gradient medium) for the separated materials. No effort was made
to remove the iodixonal by Nanointegris which listed the iodixonal as 5-6% of the total mass.
The TGA curves on the NanoIntegris website showed a large decrease in mass before the
SWCNT decomposition of around 25% mass loss for the metallic SWCNTs, 20% mass loss for
the semi-conducting SWCNTs, and 10% mass loss for the starting SWCNT material before 450
°C.
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All three SWCNT papers were thermally oxidized to 450°C at 10°C/min to try and
remove any existing impurities. The resulting insertion capacities were similar to those before
the oxidation so only the extraction profiles are shown in Figure 25b. Significant increases in
capacities are demonstrated for the separated SWCNT material with little to no change in the
capacity of the starting SWCNT material. This suggests that the thermal oxidation primarily
removed residual iodixonal. The capacities for the separated materials are at or above the
theoretical SWCNT capacity at 1162 mAh/g for the metallic SWCNTs and 1287 mAh/g for the
semi-conducting SWCNTs. These capacities are the highest reported for a SWCNT paper, and a
large improvement is shown over the unsorted SWCNT starting material. The high capacities of
these separated materials, of a relatively high diameter range of 1.2-1.7 nm, agrees well with the
prediction that enhanced alignment with titanium work function is providing improving the
contact and ability to store lithium ions. Theoretically, the semi-conducting separated SWCNTs
work function lines up directly with the work function of titanium which explains the slight
improvement over the metallic sample.
Raman spectra were taken after the thermal oxidation, Figure 26, on all three papers to
try to understand the morphological differences in the SWCNT material. Raman spectra before
thermal oxidation was taken but not shown as there weren’t significant changes. The metallic
SWCNTs show the characteristic BWF broad G-band shape, but also have a significantly larger
G'-band has been reported before for individual metallic SWCNTs. The D-band of the metallic
SWCNTs is also much larger possible due to defects in the SWCNT side-wall. To obtain the
98% metallic separation it is likely that multiple separations of the same material had to be
performed which involves more mixing with the gradient solution and possibly harmful horn
sonication. The semi-conducting and starting materials have similar Raman spectra owing to the
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larger concentration of semi-conducting SWCNTs in most samples. Zooming in on the radial
breathing mode and normalizing the intensities, Figure 26b, it would appear that there may be a
diameter effect as the metallic RBM is indicative of smaller diameter distribution, and the semiconducting SWCNTs are showing a concentration of larger diameter SWCNTs. However, at this
laser energy (1.96 eV) and diameter distribution the difference in diameter distribution most
likely due to the excitation of particular SWCNTs based on laser energy.

a.

b.

Figure 26. a. Raman spectra for materials from Nanointegris after thermal oxidation to 450°C.
b. Raman normalized radial breathing modes for materials from Nanointegris after thermal
oxidation to 450°C.

The one thing that is clear from this section is that purity and uniformity of SWCNT
material can have a large effect on lithium ion storage. However, more work is needed to fully
elucidate the mechanistic differences in lithium ion storage between SWCNTs electronic types.
The separated material is proposed to couple with the titanium contact based on work function
alignment, especially the semi-conducting SWCNTs. Tests should be done with the oxidation
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and without the titanium contact to better understand the contacting. Many semi-conducting
materials exhibit high lithium ion capacities so there could be a more favorable lithium ion
interaction with semi-conducting SWCNTs as well.
B. Current Collector Support
This section and the following section on SWCNT conductive additives represent more
near term uses for SWCNTs in lithium in lithium ion batteries by taking advantage of their high
conductivity, morphology, and light weight nature. As such, these sections are demonstrations
of SWCNT performance using standard processing and practices. The use of single wall carbon
nanotube (SWCNT) papers as a suitable replacement for copper foil as a current collector in
lithium ion batteries has been demonstrated. This SWCNT paper was obtained from the company
Nanocomp because of the enhanced mechanical properties of their papers. Deposition of a
standard mesocarbon microbeads (MCMBs) : PVDF : SuperP (carbon black), at a 92:4:4 w/w
ratio, slurry in NMP onto a free-standing SWCNT paper was performed using a Dr. blade coater.
The electrode was characterized in a half cell opposite a lithium metal electrode by galvanostatic
testing at 30 mA/g (equivalent to a C/10 rate for LiC6).
Shown in Figure 27 are charge-discharge curves for the electrode with the characteristic
voltage profile for lithium storage in MCMBs. The reversible capacity for the free-standing
electrode using SWCNTs as the current collector is 330 mAh/g, The impact of achieving such a
capacity in a free-standing electrode is significant when considering the improvement in specific
capacity by removing the heavy copper foil current collector and an estimation of the theoretical
improvement in provided below.
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Figure 27. Electrochemical half-cell data for MCMB:PVDF:SuperP composite deposited onto a
SWCNT current collector.

An optimization model was used to determine the percent improvement in battery
performance for a free-standing electrode with a CNT current collector over a battery which uses
composite anode coatings on metal foil current collectors. The model adjusts the thickness of the
anode and cathode layers to ensure capacity matching between electrodes, and also determines
the optimal number of electrodes to use in the full battery assembly. The model assumes bilayer
coated electrodes (except for the terminal electrodes) opposite a carbon separator (25 µm thick)
for a flat plate prismatic design. The cathode composite is assumed to be deposited on 20 µm
aluminum foil and contain 90% active material w/w (with an active capacity and density
consistent with literature values), and the remaining 10% w/w to comprise binder and conductive
carbon (density of 1.3 g/cm3). The control anode is a graphite composite (with an active capacity
equal to 300 mAh/g and a density of 1.3 g/cm3) containing 90% active w/w and 10% w/w binder
and conductive carbon deposited on 20 µm copper foil.
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Figure 28 summarizes the model calculations for lithium ion batteries comprising an
MCMB-SWCNT current collector anode in comparison to state-of-the-art (SOA) values for
LiCoO2, LiFePO4, and LiNiCoAlO2 based batteries. The full battery calculations have assumed
a flat-plate prismatic cell design with a 50% mass and volume derating factor for electrolyte and
packaging considerations. The results indicate that the overall improvement in battery energy
density of approximately 30% for the specific energy density (Wh/kg) and ~10-20% in
volumetric energy density (Wh/L), depending on the selected cathode.

Thus, there is a

considerable energy density gain that can be garnered by using CNT current collectors as a
replacement for conventional copper foil as well as the benefits involving zero volt state of
charge and increased depth of discharge below 2.5V compared to traditional copper current
collector.

Figure 28. Energy density calculations using the optimization model for SOA battery metrics
and the relative improvement with using MCMB-SWCNT current collectors.
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C. Conductive Additives
Anode Additives
SWCNTs as conductive additives in anodes or cathodes represents a near-term use for
SWCNTs in lithium ion batteries were a small percentage of the material could be incorporated
into the electrode composite to form an enhanced percolation network by increasing contact
between particles and increasing composite conductivity.

Initial conductivity measurement

using 0.1 % and 1% SWCNTs as a direct replacement for 5% traditional conductive carbon
additive (Super P) in a MCMB anode coating, shows the largest conductivity for the composite
containing 1% SWCNTs as seen in Figure 29a. The conductivity measurements were performed
using a 4-point probe and van der Pauw configuration. The additive weight percents are by mass
of the solid components or total electrode coating mass. An image of the coatings is shown in
figure 29b with the SWCNT coating having a much lighter color because of the lower carbon
weight loading. From this analysis, it is estimated at only 0.2% SWCNT additive can replace
5% Super P.
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a.

b.

Figure 29. Electrical conductivity of anode composites prepared using high purity SWCNTs
(data are black squares) as the conductive additive compared to Super P carbon black (datum is a
blue circle with a threshold line). The listed ratios correspond to the weight fractions of each
component. The gray band illustrates the equivalent conductivity range between the
conventional anode composite and a SWCNT-based composite.

Single-wall carbon nanotubes (SWCNT) were incorporated into a typical anode coating
as a conductive additive replacement at weight loadings of 0.2 and 0.5%. The SWCNTs were
dispersed in the organic solvent n-methyl-2-pyrrolidone (NMP) which is the standard solvent
used in coating of lithium ion battery electrodes. The polymer binder (PVDF) was dissolved in
n-methyl-2-pyrrolidone (NMP) at a weight loading of 4%. The solutions were then combined,
and MCMB particles were added at a weight loading of 95.8% and 95.5% respectively. The
slurry was stirred overnight, coated on copper foil, and dried in a vacuum oven at 80°C. The
anode was cycled in a half-cell versus lithium metal using a 2032 coil cell.

Cycling was

performed galvanostatically (74mA/g) from 0.005-3V. The insertion-extraction voltage profiles
for the 1st cycle are shown in figure 30.
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a.

b.

Figure 30. a. 1st cycle voltage profile using 0.2% SWCNT additive to MCMB composite. b. 1st
cycle voltage profile using 0.5% SWCNT additive to MCMB composite.
The voltage profiles for each of the anode composites show similar MCMB characteristic
plateaus. A slightly higher capacity was demonstrated for the anode containing 0.5% SWCNT
additive, but there is also a higher first cycle loss. This may be due to the increased surface area
provided from the additional SWCNTs. The specific capacity for the 0.5% SWCNT additive
anode was approximately 330 mAh/g which is the maximum specific capacity for the MCMB
active material. It should be noted that the weight loading of MCMB material is higher than
typical anode coatings that incorporate amorphous carbon as a conductive additive. Lower mass
loadings of SWCNTs are needed to achieve a proper percolation network compared to the typical
amorphous carbon which increases the usable capacity of the anode.
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Long-term cycling data was recorded for both of the anode composites, and is shown in
figure 31. The 0.2% SWCNT additive anode showed a marked drop in capacity after around 90
cycles at a C/5 rate. The 0.5% SWCNT additive anode demonstrates a stable capacity to above
120 cycles. The increased cycling stability of the 0.5% SWCNT additive composite is likely
caused by an improved percolation network through the electrode and the ability of the SWCNTs
to retain contact with the MCMB particles with cycling.

a.

b.

Figure 31. a. Cycling data for MCMB anode containing 0.2% SWCNT additive. b. Cycling data
for MCMB anode containing 0.5% SWCNT additive.

Scanning electron microscopy was performed to visually inspect the mixing of the
SWCNT conductive additive with the MCMB particles. Two representative images are shown
below in Figure 32. Image (a) shows the MCMB spherical structure where a coating can be seen
on the surface even at the low magnification. The image was taken at a higher magnification on
a section of one MCMB particle, demonstrated by the red circle that clearly shows a significant
coating of SWCNT bundles. The ability of SWCNTs to wrap MCMB particles may cause
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improved cycling and coating stability by retaining MCMB particles with lithium ion insertion
and extraction.

a.

b.

Figure 32. Scanning electron microscope images of anode coating at a. 1.00K magnification and
b. 10.0K magnification. The red circle shown in image a. is the approximate area captured in
image b.

The rate capability of the 0.5% SWCNT additive composite was tested versus a control
composite with 2% Super P conductive additive at C/5 (74 mA/g), C/2 (186 mA/g), 1C (372
mA/g), and 2C (744 mA/g). The results in Figure 33 show a higher capacity and retention of
capacity at all rates which demonstrates the improved electronic and ionic conduction. The
energy density or usable capacity of the electrode is also increased because of the low mass
additive and binder needed to form a robust coating with high conductivity which allows for
more active material.
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Figure 33. Lithium ion extraction capacity at different constant current rates comparing
composites containing 2% Super P (black) and 0.5% SWCNTs (red)

Cathode Additives
High-purity laser vaporization produced SWCNTs were utilized as a conductive additive
replacement at a weight loading of 1% in a high energy density cathode (LiNi0.8Co0.2O2)
composite and compared to a control with 4% SOA carbon black additive (super C65). The
capacity and rate capability of the composites were evaluated through electrochemical testing.
A control cathode slurry incorporating a typical amorphous conductive carbon additive
(Super C65) was mixed at a mass ratio of 92 wt % LiNi0.8Co0.2O2, 4 wt % polyvinylidene
fluoride (PVDF), and 4 wt % Super C65 in organic solvent N-Methyl-2-pyrrolidone (NMP).
Cathode slurries integrating SWCNTs as a conductive additive replacement were mixed at a
mass ratio of 95 wt % LiNi0.8Co0.2O2, 4 wt % PVDF, and 1% SWCNTs in NMP. The SWCNT
material used in the current study was produced through laser vaporization and purified to at
least the equivalent of the “100%” reference standard the same as described earlier. Both slurries
were mixed using a planetary centrifugal mixer, coated onto aluminum using a Dr. Blade, and
dried at 80°C. The slurry containing SWCNTs was formed by ultrasonicating the SWCNTs in a
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higher NMP volume to improve dispersion, mixing with the LiNi0.8Co0.2O2 to uniformly coating
the particles with SWCNTs, and final addition of a viscous PVDF binder solution. The coatings
were
ere vacuum dried at 100°C and compressed to a thickness of 50 µm. The morphological
differences between the two conductive additives are demonstrat
demonstrated
ed in the SEM images in Figure
35. Approximately 1µm LiNi0.8Co0.2O2 particles surrounded by agglomerations of super C65 are
observed in Figure 34a.. Whereas, SWCNTs are observed to engulf tthee cathode particles in
Figure 34b forming a more effective percolation network by increasing contact between cathode
particles even at the lower additive loading. The high ppurity
urity SWCNTs were found to be
effectively dispersed in throughout the entire composite in small bundles potentially providing a
more mechanically robust composite.

a.

b.

Figure 34. . SEM images of a LiNi0.8Co0.2O2 cathode electrode with a. 4% super C65 conductive
carbon additive and b. 1% SWCNT conductive additive

The electrodes were galvanostatically tested from 4.25 to 2.5 V in a half-cell
half
versus
lithium metal foil in a 2032 coin
coin-type cell configuration using 1.2M LiPF6 in ethylene carbonate
(EC) and ethyl methyl carbonate (EMC) at a ratio of 3:7 respectively. A specific capacity of 190
mAh/g was assumed to establish constant current C/t rates (where t is the time for a complete
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discharge in hours), and the cells were charge-discharged at C/10 (19 mA/g), C/5 (38 mA/g), C/2
(95 mA/g), 1C (190 mA/g), 2C (280 mA/g), and 5C (950 mA/g) rates.
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Figure 35. Comparison of cathode composites with 4% Super C65 (black) or 1% SWCNTs (red)
by a. 1st cycle discharge voltage profile b. Cycling at different C-rates c. 2C rate discharge
voltage profile d. 5C rate discharge voltage profile

The electrodes show similar capacity and cycling at slower rates, but performance varies
at higher rates as shown in Figure 35. When the current is increased above a 2C rate, the cathode
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incorporating SWCNTs as an additive replacement retains a higher capacity with a doubling of
capacity at a 5C rate. The voltage profiles for the higher rates are plotted in Figures 35c and d
which demonstrate retention of higher capacity and voltage. Therefore, replacing the traditional
conductive carbon with SWCNTs can significantly improve the power capabilities of a high
energy cathode even at a lower percentage loading. The energy density is again increased
because of the higher active cathode material loading.

CHAPTER 5 CONCLUSIONS
An understanding of material properties and characterization of SWCNTs was
demonstrated with the use of a variety of characterization techniques. A systematic study of
organic solvents was performed and published which showed a formation of a sonopolymer
which affects SWCNT optoelectronic properties for halogenated aromatic solvents. Alkyl amide
solvents were studied as well where a novel solvent had improved dispersion capabilities based
on an increased dipolar resonance, and the solvents had little effect on SWCNT properties. Lab
produced SWCNTs were separated primarily by electronic type using a modified DGU process.
Beyond material processing and characterization, device incorporation of SWCNTs in lithium
ion batteries was also demonstrated. SWCNT purity was shown to dramatically affect lithium
ion capacity. The results from the organic solvent study carried over to device incorporation
where a more de-bundled solution achieved typical capacities for DMA produced papers. The
DCB processed paper was able to reach typical capacities after a thermal oxidation to 450°C to
remove sonopolymer formation. Separated material from Nanointegris were tested with titanium
contacts were electronic-type separated SWCNTs showed capacities exceeding theoretical after
thermal oxidation to 450°C to remove density gradient iodixonal.
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The semi-conducting

SWCNTs had the highest capacity which is proposed to be due to the work function alignment
with titanium providing improved contacting. As near-term use of SWCNTs in lithium ion
batteries, improvement in performance was demonstrated for SWCNT current collectors and
conductive additives. The SWCNT current collector achieved similar capacities to a metal
current collector while increased energy density by up to 30%.

The SWCNT conductive

additives were shown to improve rate capability and electrode coating energy density by
improving performance at lower additive weight loadings for both typical anode and cathode
materials.
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APPENDIX A: Variation of single wall carbon nanotube dispersion properties with alkyl amide and halogenated
aromatic solvents. (Mater. Chem. And Phys.. 2009, 116, 235-241) Reprint permission from Elsevier Journals.
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